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Abstract: This work details the development and sensitivity analysis of a model to predict the spatial
saturation profile in oil mist filters in the air flow direction.

Oil-mists are generated by many industrial processes, including engine crankcase ventilation and
generation of compressed air by oil lubricated compressors. It is necessary to remove these mists
to avoid problems further downstream or to meet health and safety regulations. The most common
method for removing such particles from an air stream is the use of fibrous filters. Such filters operate
for almost their entire life in a steady state, in which the saturation becomes independent of time for
a constant set of operating conditions. However, in this steady state, the saturation varies spatially
within the filter, due to the following effects (Figure 1):
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Figure 1: The experimental saturation profile
(circles), measured by determining the average
layer saturation of a filter consisting of 10 layers
(filtration velocity 0.3 m s−1, loading rate 20 g h−1

m−2, layer efficiency > 0.95) is well represented by
the model (line and resulting average layer satura-
tion as bar chart).

• When the oil droplets from the aerosol are captured by the fibres, the saturation rises.

• Oil within the filter drains due to gravity, hence the saturation decreases.

• Since the oil cannot flow out of the filter at the rear freely, i.e. without forming larger drops, a
barrier exists. In front of this barrier, the oil is ”piled up” (static saturation) with a linear slope
due to flow forces.

• At higher saturation, the flow velocity and hence the flow forces driving the oil out increase.
This explains the decline of the slope on the downstream side of the filter.

These effects were modeled using known physical relationships. The modelled saturation profile agrees
well with the experiment, once the model was fitted to the data (Figure 1). Based on the model, a
sensitivity analysis was performed, to show the effect of each parameter on the saturation profile.
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1 INTRODUCTION

Oil-mists are generated by many industrial processes, including engine crankcase ventilation and
generation of compressed air by oil lubricated compressors. It is necessary to remove these mists
to avoid problems further downstream or to meet health and safety regulations. Mist droplets are
deposited on the fibres due to diffusion, interception or inertial impaction (Brown, 1993). With more
and more droplets being captured by a fibre, they coalesce into larger drops (Yarin et al., 2006).
Their transport within the filter is determined by gravitational and flow forces. When a large drop
flows along a (wetting) fibre, it leaves a film (Agranovski and Braddok, 1998). Such films, as well as
large drops can join together and form liquid bridges at fibre intersections and between fibres (Liew
and Conder, 1985; Mullins et al., 2004), which remain equalised under capillary forces. Thereafter a
steady state is reached, where oil accumulation and drainage rates balance out (Contal et al., 2004).
Filters operate in such a steady state for almost their entire life. A kinetic model was developed to
describe the spatial distribution of oil within the filter. The model is based on the balance between
oil accumulation and transport rates within an infinitesimal layer.

2 MODEL DEVELOPMENT

The oil saturation S of the filter is a measure of the amount of liquid within the filter. It is defined
as the fraction of filled void space,

S =
Vliquid

Vfilter − Vfibres

where Vfilter is the total volume of the filter, Vfibres the volume of the fibres and Vliquid the volume of
the oil inside the filter. By definition, the saturation can vary between zero and one. In this section,
the physical effects and their influence on the saturation S(x), where x is the coordinate in the flow
direction, are described phenomenologically.

2.1 Deposition of droplets and transport in the flow direction
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Figure 2: Saturation profile consider-
ing droplet deposition and transport in
the flow direction.
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Figure 3: Saturation profile consider-
ing droplet deposition, transport in the
flow direction and internal drainage.

At the upstream side of the filter, at x = 0, there are no
fibres and hence all the oil mass is located in the aerosol
yielding a saturation of S(0) = 0 (Figure 2). As soon as the
oil mist enters the filter, droplets are captured by the fibres
and the collected oil is transported in the direction of the gas
flow. While the oil concentration in the aerosol decreases,
the saturation increases towards the rear of the filter. After
some filter length, hardly any droplets remain in the aerosol,
and consequently, the saturation levels off. By flow forces,
all oil within the filter is transported to the rear of the filter,
where it finally spills out. Since the oil inside of the filter,
described by the saturation (light and medium red, Figure
2), is transported oil, it is called dynamic saturation.

2.2 Internal drainage

Neglecting flow forces, oil drains due to gravity from a com-
pletely saturated filter according the classical Washburn-
equation (Washburn, 1921). Similar drainage behaviour is
assumed for oil in the filter, when air passes through it. As
saturation increases, the drainage rate increases correspond-
ingly. The effect on the saturation profile from Section 2.1
(Figure 2) is, that, as soon as oil is available, it will drain
off, hence the oil being transported to the rear of the filter
decreases and so does the saturation (Figure 3). However,
the dynamic saturation does not approach zero, since some
residual oil is kept by capillary forces (medium red, Figures
2-4).

1721



Kampa et al., A Model for Steady-State Oil Transport and Saturation in a Mist Filter

2.3 Rear barrier

It was observed, that oil does not only drain inside of the filter medium, but also at its rear. This
rear drainage is performed by individual large drops flowing downwards at the rear of the filter. The
generation of these large drops from the coalesced drops along the fibres requires some energy and
some amount of oil resulting in a barrier for the transported oil located at the rear. In front of this
barrier, the transported oil piles up, yielding the static saturation. If the drag force does not depend
on the position, the slope of the static saturation is linear.
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Figure 4: Saturation profile considering droplet
deposition, transport in the flow direction, internal
drainage and the static saturation at rear due to the
barrier needed for formation of the rear drainage.

This static saturation does not influence the internal drainage. However, it adds to the dynamic
saturation (Figure 4). The resulting saturation profile resembles the well-known U-shape of saturation
profile.

2.4 Flow velocity dependent saturation

Thus far, the influence of saturation on flow velocity and vice versa was not considered. However, a
high saturation, i.e. a low void space at a given position, results in a high local flow velocity. This
incurs a large drag force on the oil drops within the filter, which passes them downstream more quickly
and finally results in a lower saturation. A consequence of this effect is that the slope of the static
saturation declines towards the downstream side of the filter, where higher saturations appear.

2.5 Model formulation

To model the saturation profile, a mass balance between oil accumulation and transport rates within
an infinitesimal layer was drawn. It yields a first order non-linear differential equation,

d

dx

(

S(x)
c
(
c
)− Sstat

(
x, S(x)

)

︸ ︷︷ ︸

dynamic saturation

)

∝

(
1 − S(x)

)2

[
∫

ddp
c
(
c
)f(dp)eg(dp)x

︸ ︷︷ ︸

particle collection

− d

(

1 −

c

S(x) − Sstat

(
x, S(x)

)

)

︸ ︷︷ ︸

drainage

]

,

(1)

with the static saturation Sstat

(
x, S(x)

)
∝ sx

(
1−S(x)

)2
, where s is the static potential. The particle

collection term originates from the filter theory (Brown, 1993) and accounts for the different sizes dp

of generated mist droplets. f(dp) and g(dp) depend on the particle collection efficiency and f(dp)
is proportional to the oil concentration. The drainage term, depending on the drainage rate d and
a drainage specific constant c, results from the classical Washburn-equation (Washburn, 1921). The
change in dynamic saturation, i.e. in transported oil (left hand side of (1)), is caused by particle
collection and by drainage (right hand side of (1)).

The differential equation (1) was solved numerically in Matlab using the explicit Runge-Kutta (4,5)
algorithm (solver ode45 ).

3 COMPARISSON TO EXPERIMENT

To measure a saturation profile, filters consisting of ten layers of oleophobic glass fibre media (layer
efficiency > 0.95) were loaded with oil mist (loading rate 20 g h−1 m−2) which was generated by an
atomizer and was flowing against the filter with 0.3 m s−1. After the steady state was reached, the flow
was stopped, the filter disassembled and the saturation of each layer was determined gravimetrically.

1722



Kampa et al., A Model for Steady-State Oil Transport and Saturation in a Mist Filter

The shape of the measured saturation profile (circles, Figure 1) is well represented by the model (line
and resulting average layer saturation as bar chart, Figure 1). Since the parameters c, d and s can
not be measured directly as yet, they were fitted to the data.

4 SENSITIVITY ANALYSIS
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Figure 5: Saturation profiles for different
drainage rates compared to the experimental
observation (black, see also Figure 1).
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Figure 6: Saturation profiles for different ef-
ficiencies rates compared to the experimental
observation (black, see also Figure 1).
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Figure 7: Saturation profiles for different
static potentials compared to the experimen-
tal observation (black, see also Figure 1).

To observe the influence of several model parameters
on the saturation profile, each parameter was varied,
with all the other parameters kept constant. The
starting point of each parameter variation is always
the experimentally determined saturation profile (Fig-
ure 1, black lines in Figures 5-8).

4.1 Internal drainage

At high drainage rates, the oil is drained immediately,
once aerosol droplets have been captured by the fi-
bres. So the initial peak is smaller than for the mea-
sured saturation (black line, Figure 5). The lower the
drainage rate, the larger the filter length where signif-
icant drainage occurs. After all transported oil being
drained, the saturation at the upstream end of the
filter converges to the static saturation profile. At
very low drainage rates, the transported oil cannot
be drained within the whole filter length. The conse-
quence is, that the saturation at the very end of the
filter reaches a higher value than the potential barrier,
due to additional dynamic saturation.

4.2 Particle collection efficiency

The ability of a filter to capture oil droplets from the
aerosol is described by the filter efficiency. Efficien-
cies larger than for the measured saturation (black
line, Figure 6) lead to an oil deposition located fur-
ther towards the front of the filter and more focused
on a specific region (solid grey line, Figure 6). Since
the internal drainage increases with increasing satura-
tion, significantly more oil drains in the front layers of
the filter in contrast to the measured filter. Efficien-
cies smaller than for the measured filter yield a more
equally distributed saturation in the upstream part
of the filter. This is due to aerosol deposition taking
place in a larger region of the filter at lower satura-
tion. The low saturation results in a low drainage
rate and hence more oil is pushed forward in the flow
direction.

4.3 Static saturation

For decreasing static potential, the slope of the sat-
uration profile at the downstream side of the filter
decreases until it approaches zero (Figure 7). In this
case, however, the saturation is still larger than zero
due to oil held up by capillary forces, which cannot
be pushed downstream to the rear of the filter (Sec-
tion 2.2). For increasing static potential i.e. potential
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barrier at the rear, the slope of the saturation profile increases. For saturations approaching one, the
slope declines due to flow velocity dependent saturation effects (Section 2.4).

4.4 Loading rate
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Figure 8: Saturation profiles for different oil
concentrations compared to the experimental
observation (black, see also Figure 1).

For increasing oil concentration in the aerosol, the
initial increase due to deposition reaches a higher peak
(Figure 8). For very large oil accumulation rates, the
medium is unable to drain all accumulated oil, which
is consequently pushed downstream.

5 CONCLUSIONS AND OUTLOOK

A model for the saturation profile of a mist filter,
which considers particle collection, internal drainage
and the static saturation due to a rear face barrier
and which accounts for the dependence of the satu-
ration on the flow was developed. Based on the re-
sulting differential equation a parameter variation, to
show the influence of each model parameter was per-
formed.

Industrial applications of oil mist filters aim to maximize filter efficiency and to minimise pressure
drop across the filter. So far, the change in efficiency with filter loading has not been considered,
since the effect on the saturation is small. For the saturated media, the efficiency can be calculated
by either assuming that the accumulated oil increases the average fibre diameter (Frising et al., 2005)
or that the drops on the fibres lead to a decrease in fibre length available for collection (Raynor and
Leith, 2000). To calculate the pressure drop from the saturation, several models are available in the
literature (Frising et al., 2005; Andan et al., 2008). After the media specific parameters have been
determined experimentally, the model can be used to develop a software based filter optimisation tool.
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